which does not exist in n-polyene chains in which a chain of CÀC single bonds (CH 2 ) 2n is replaced by an extended conjugated chain (CHdCH 2 À) n . 13 Yoon et al., 1 reported a systematic experimental study in SAMs which suggested that large changes in molecular structure (e.g., changing a cyclohexyl group for a phenyl group) need not induce significant changes in the conductance of molecular monolayers. Yoon's study also indicated that replacing 1 ÀCH 2 CH 2 À in the interior of the molecules making up the SAMs by ÀCONHÀ had no effect on tunneling current. More specifically, they measured the current densities through a series of SAMs based on different molecules located between a silver electrode and Ga 2 O 3 /EGaIn electrode, where EGaIn denotes eutectic gallium and indium (a liquid metal alloy 14 ) and Ga 2 O 3 is a spontaneously formed, electrically conducting surface oxide layer (normally 0.7 nm thick) on the EGaIn electrode. The structure of the molecules making up the SAMs is HS(CH 2 ) 4 CONH(CH 2 ) 2 R where R is one of the tail groups shown in Figure 1 . In all these molecules, the tail groups have almost the same length. The tail structures can be divided into two groups: (1) aromatic structures and (2) saturated aliphatic groups.
It is not obvious why SAMs of these very different molecules do not yield very different conductivities. (Examination of the values of the current density in Figure 2 suggests that aromatic tail groups might be slightly (2 times) more conducting than aliphatic ones; we have however taken the conservative point of view based on the statistically well-defined standard deviation that statistically we cannot distinguish aliphatic and aromatic tail groups.) The measured current densities for all molecules at V bias = 0.5 V are shown in Figure 2 on a logarithmic scale, with simple alkane chains of length 12 and 18 alkane units (e.g., S(CH 2 ) nÀ1 CH 3 ) included. Alkane chains are standard molecules in which electron transport has been studied extensively. 15À22 The main result of those prior studies is that the current decays exponentially with chain length with a decay constant β ∼ 1.0 per CH 2 unit, with some variation across different experiments. 15À19, 23 This dependence has been also successfully addressed computationally using Density Functional Theory (DFT) combined with the nonequilibrium Green's function (NEGF) studies. 16, 22, 24 Yoon et al. measured β ∼ 0.9 per CH 2 unit, a value that is in agreement with these earlier results. In fact, the 12-and 18-unit alkane chains are used as calibration standards in Yoon's experiment, to compare with the results obtained with the other molecules.
Understanding the relatively constant current density observed for this complicated system is difficult, as different mechanisms may be responsible for the observed current densities. While interchain tunneling of the electrons may be significant, here we focus on the effects of the molecular electronic structure on the single-molecule current. The standard way to address this subject is by performing DFTÀNEGF calculations. 25, 26 We did such calculations, which confirm that varying the tail group does not induce dramatic differences in the molecular conductance. To understand this result, we describe the transport using a simple tight-binding model, with parameters inferred Figure 1 . Structure of the molecules used by Yoon et al. 1 to form the self-assembled monolayers on the Ag surface. The structure of all molecules 1À13 is HS(CH 2 ) 4 CONH(CH 2 ) 2 ÀR where R is the tail group. In the measurements, molecules C12 and C18 were presented as calibration standards. All current densities were measured through Ag-molecule-Ga 2 O 3 /EGaIn structures. ARTICLE from a series of ground-state DFT calculations. We call this the tight-binding toy model (TBTM). The procedure we follow is in the spirit of semiempirical models which aim to explain experiments using parameters obtained via fitting to ab initio calculations or to experimental data. In particular, one of the criteria we have used to adjust the parameters is that the structure of a few of the highest occupied frontier orbitals, as obtained by full DFT calculations, is essentially reproduced in TBTM. The transmission of the model is then analyzed again using Green's function methods. This provides insight into why the current varies only weakly across the set. These results may help designing future experiments to synthesize molecules with substantially different transmissions.
DFT Calculations. DFTÀNEGF-Based Transport Calculations. We start with the transmission for molecules 1À13 obtained from DFTÀNEGF. We have calculated the transmission through these molecules with two different methods (see Methods section for details):
(I) Gas-phase NEGF. In this method, DFT calculations for molecules in the gas phase (thiol-ended, without electrodes) are performed, and then the contribution of the molecule to transport is calculated, using the converged Hamiltonian for the molecule. (II) Extended molecule-NEGF: In this method, an extended molecule is used. The extended molecule is made by connecting the molecule to gold clusters from right and left, see Figure 3 .
The transmission results for both methods are shown in Figure 4 . In all molecules 1À13, the transmission peaks below the Fermi energy are closer to the Fermi energy than the peaks above the Fermi energy, indicating that the transport is hole-like. The influence of the metal in the calculation is reflected in the shift and broadening of transmission peaks. By integrating the transmission curves obtained using the gas-phase molecules over the voltage range between À0.25 and ARTICLE 0.25 V (corresponding to symmetric bias drop and a temperature of 0 K), we obtain the currents shown in Figure 5 which do not differ by more than a factor of 8 (results for the extended molecule are presented in the Supporting Information). The fact that conjugated groups give slightly larger currents than the saturated ones in the experiment is not reproduced, probably due to the coupling to the oxide layer which is not included in this calculation. The extended molecule results are in better agreement on this point (see Supporting Information). In the next sections, we will develop a toy model which explains why the current through these structures shows only a modest variation.
Molecular Orbitals. We have performed ground state DFT calculations for the molecules in the gas phase (see Methods section for details). The results give insight into the behavior of the electrons participating in transport, and help us to construct the TBTM Hamiltonian describing the landscape in which the electrons are moving. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are shown in Figure 6 .
From these results, we observe the following: (I) The HOMO orbital for all molecules is localized on the sulfur atom bonded to the Ag surface in the experiment. Both the HOMO energy and its shape are approximately the same for all molecules.
(II) The LUMO structure and energy vary quite strongly with tail group. The shape of the LUMO furthermore depends quite sensitively on the geometrical optimization. With our optimized geometries (that may or may not agree in detail with the structures found in the SAMs, which are not known in detail experimentally, and probably depend on the topography of the electrode surface), the LUMO of the molecules with saturated tail groups is located on the thiol group just as the HOMO, whereas for molecules with a conjugated tail group, it is located on the tail group.
(III) HOMO-1, HOMO-2, and HOMO-3 of molecules 1À13 are mostly located on the amide, on both the amide and the tail group R, and on the tail group R, respectively (see Supporting Information).
As the structure and chemical potential of the HOMO does not change substantially across different molecules, and as the HOMO is substantially closer to the Fermi energy of the electrodes (E F (Ag) = À4.7 eV, E F (Ga 2 O 3 /EGaIn) = À4.3 eV 1 ) than the LUMO, we expect the transport to be hole-like, that is, dominated Figure 6 . HOMO and LUMO of the molecules 1À13 from the DFT calculation. Molecules C12 and C18 were presented in the experiment as calibration standards. The HOMO of all of these molecules is largely localized on the thiol linker. The LUMO is localized on the tail group in molecules 1À7, which have conjugated tails. However, in molecules 8À13 with saturated tails, the LUMO is mostly localized on the thiol group. ARTICLE through the HOMO, in agreement with our NEGF calculations.
Tight-Binding Model. The DFT-based NEGF calculations just presented do reproduce the experimentally observed insensitivity of the current to the chemical composition of the tail group. To obtain a better understanding of this result, and to analyze the junction with a nonmetallic electrode, we construct a simple tightbinding toy model (TBTM). The model Hamiltonian is designed such that the electrons and their dynamics reflect the behavior of electrons described by a full DFT KohnÀSham Hamiltonian, as used in the previous section. This implies that the TBTM parameters, especially those which influence the energetics of low-lying occupied states, do not necessarily reflect spectral features (which are known to be badly reproduced by DFT). The guiding principle in constructing the TBTM model is that it produces reliable HOMOs, as the transport in the molecules under study is hole-like and off-resonant (see previous section).
We want the tight-binding chain in our toy model to mimic the electronic properties of molecules 1À15. These molecules consist of six segments ( Figure 7) The first segment (S1) is the thiol linker and the next three segments are S2 (CH 2 ) 4 , S3 CONH, and S4 (CH 2 ) 2 , respectively. The next part (S5) is the tail group R and the last segment (S6) is the oxide layer. We find most of the parameters of the TBTM Hamiltonian of eq 1 from the frontier orbitals shown in Figure 6 and in the Supporting Information, and from calculations on periodic chains, as we outline in the Supporting Information. In the Supporting Information, details about the procedure for finding the parameters and validations of the results can be found.
Our generic tight-binding chain for molecules 1À13 is shown in Figure 7 . It consists of 17 sites, divided into six subunits. The first molecular subunit (S 1 ) represents the thiol binding group connected to the silver electrode. Its site energy, ε S , is higher than that of the alkane chain. The following three groups of sites (S 2 , S 3 , S 4 ) represent the alkane chain with the amide. The amide sites (S 3 ) have energies ε CO and ε N that are higher than those of alkanes. It should be noted that our model presents a coarse-grained description of the molecules under study. In particular, in our description of the amide units, the (CdO) group is considered as one site, and the (NH 2 ) as another one.
Two amide subunits (CdO and NH) are coupled to neighboring CH 2 by t amide À ; we take those to be the same. The coupling inside the amide group is t amide 0 . The fourth substructure S 4 , represents the two methylene sites between amide and R. The tail group R (which varies in molecules 1À13) is denoted as S 5 and couples to the alkane part with t R 0 . As the size of R is approximately the same in molecules 1À13, we fix the length of S 5 to four sites. The last subunit, S 6 , represents the Ga 2 O 3 layer. This subunit includes a series of uncoupled sites which mimic the band structure of the oxide layer. The top site with energy level ε Ox t represents the top of the band of this layer, and similarly the parameter ε Ox b corresponds to the bottom of the band. All the sites in this subunit are coupled to the last site of the tail group by t Ox . The only parameters that change across molecules 1À13 are the site energy and the tunneling parameters describing S 5 , that is, ε R , t R , and t R 0 , where t R 0 describes the coupling to the CH 2 group. The orbitals found in DFT are evaluated with a potential corresponding to the neutral molecule. Our method is in the spirit of semiempirical models like extended Hückel, 27 PPP, 28 CNDO, 29 MNDO, 30 etc., which fit the tight-binding parameters to ab initio calculations or to experimental data.
The tight-binding parameters ε and t for each subunit are shown in Table. 1. In Hückel molecular orbital theory, these parameters are called R and β, respectively. The agreement between our TB parameters and similar parameters obtained by others (see the values in the last four columns of Table 1 , together with the fact Figure 7 . A tight-binding toy model (TBTM) structure representing the molecules 1À13 and the oxide layer. We model the molecular junction with six segments S 1 ÀS 6 . The barriers with different site energies represent the following parts of the molecules: ε S , thiol group; ε A , alkane chain in which the energy of the central sites (ε CO and ε N ) are chosen to be higher than the rest of subunits; they represent the amide group (CONH); ε R , tail group R (which varies in molecules 1À15); ε Ox , Ga 2 O 3 layer. ARTICLE that they can be varied over a finite range without affecting the results, suggests that most of them are transferable. Exceptions are the amide parameters, which require careful tuning. We therefore expect these to be rather specific for the arrangement of this group in the molecules studied here.
RESULTS FOR THE CURRENT
Once the molecule is coupled to the electrodes, the retarded Green's function of the system can be obtained as G R = [ωS À H À Σ] À1 , where Σ is the total selfenergy obtained from left (L) and right (R) self-energies, Σ = Σ L þ Σ R . Within the wide band limit (WBL), Σ L and Σ R are purely imaginary and do not depend on energy. They represent the broadenings Σ L/R = (Ài/2)Γ L/R . Once the Green's functions are known, the current can be calculated from a Landauer-type equation:
is the transmission, μ L = E f À V/2, μ R = E f þ V/2 and G a is the advanced Green's function which is found as the complex conjugate of G r . The Fermi function f(ω, μ) describes the electronic occupation of the levels, f(ω, μ) = 1/(1 þ exp((ω À μ)/(kT))). The Γ parameters describe the moleculeÀelectrode coupling and are assumed the same for all molecules in our calculation. The only parameters that change across molecules 1À13 are the site energy and the tunneling parameters of S 5 , that is, ε R , t R , and t R 0 , representing the tail group.
To study the transport through molecules 1À13, we calculate the current for different values of these three parameters. It should be noted that in matching the orbital structure from our TBTM to the DFT results, we have found it sometimes necessary to shift the site energies of the tail group somewhat (see Supporting Information). The variation of ε R evaluated from DFT is ∼1 eV. Our results for molecules with conjugated and saturated tails and in the presence of a bias voltage are shown in Figure 8 . They show that the largest difference in the current is a factor of ∼7.6 at a bias voltage V b = 0.5 eV. This result agrees well with the results of the experiment (measured at bias 0.5 eV). In addition, the allowed amount of variation for these parameters to reproduce the main features of the orbital structure and current is (0.3 eV. The structures of some tail groups in Figure 1 are not linear. Therefore, we also investigate the transport through a system with a cyclic tail group as shown in Figure 9 , which provides two pathways for the particles moving through the tight-binding chain. The current through such a chain is compared to the results of the original model of Figure 7 both for molecules with conjugated (ε R = 3.5, t R = 4, t R 0 = 1) and saturated (ε R = À14, t R = 6, t R 0 = 6) tail groups. We emphasize that, although the difference between the site energies for pi-and sigma-orbitals seems rather dramatic (3.5 versus À14 eV), this does not imply a similar difference in chemical potential: as the pi-system is only half filled in the neutral state, the highest occupied pi-level is still below the ɛ for pi-sites, and for the R-groups we consider here they turn out to be about 1 eV below the Fermi energy of the gold. The sigma orbitals are all filled and therefore reach up to ɛ þ 2τ ≈ À14 þ 2 3 6 = À2 eV. As shown in Figure 9 , the current ARTICLE through the molecules with cyclic structure is in the same range of molecules with linear tails, and the largest overall change between the IÀV curves is a factor of 8. As shown in the Supporting Information, the variation of ε R evaluated from DFT is not large (∼1 eV). Within this variation the highest occupied orbitals, which are largely responsible for the transport, are always localized on specific regions of the molecules. For instance, the HOMOs in all molecules are located on the thiol anchoring group. However, the shape of the tunneling barrier is determined by the entire tunneling chain which contains the tail group at the end of the chain. Therefore, the transmission through the tail group is important. Our analysis indicates that the combination of t R and t R 0 compensates for the variation of the site energy, ε R , which is close to the Fermi energy in conjugated groups, whereas in saturated groups it is far from the Fermi energy (remember that the TBTM model was not designed to yield excitation energies; see the Tight-Binding Model section). In other words, the gateway from a saturated orbital to a conjugated electron system on the tail group can be viewed as a narrow passage leading to an easily traversable track. Moving from the conjugated chain to a saturated tail group is easy (the t-matrix element is large), but the orbital energy is much farther away from the Fermi energy, suppressing the current through this structure.
CONCLUSIONS
We have investigated the transport through a series of self-assembled monolayers with varied tail groups, as measured by Yoon et al. 1 DFTÀNEGF calculations confirm the modest current variation observed experimentally. DFT calculations show that the HOMO is largely located on the thiol group in these molecules, and this is the closest orbital to the Fermi energy of the electrodes. Therefore, the transport is hole-like. To understand the weak effect of the tail group on the conductance, we have constructed a tight-binding toy model with site energies and tunneling parameters based on a series of DFT arguments and existing literature. Our model reproduces the structure of the highest occupied orbitals (HOMO, HOMO-1, HOMO-2, and HOMO-3). Our analysis suggests a few reasons for the surprisingly small differences among the currents in these molecules with saturated and conjugated tails: (1) The location and the energy of the frontier orbitals which are responsible for the transport are similar across the entire series. For instance, the HOMO in all molecules is localized on the thiol linker. (2) The transmission is therefore mainly determined by the tunneling through the rest of the molecule, which is influenced by the tail group. In the tail groups, the differences between the values of the site energies (ε) and tunneling parameters (t) in the conjugated and saturated groups largely compensate each other: Conjugated groups have smaller coupling (than saturated ones) but their ε is much closer to the Fermi energy than is that for saturated groups. The combination of both still leads to better conductivity of the conjugated groups. However, the coupling of the tail group to the alkane chain (t R 0 ) is much weaker for conjugated groups than for saturated ones. So the combination of t R and t R 0 compensates for the large difference between ε's in conjugated and saturated groups. (3) The conductance is also influenced by the broadening of the molecular levels connected to the left and right electrodes (Γ L,R ). In all these molecules Γ L is the same and Γ R is determined by the connection to the oxide layer. For the two molecules C 12 and C 18 (used as calibration standards) in which the length of the alkane tail group is extended, the coupling to the electrode decays exponentially, and therefore a significant change in the IÀV characteristic can be observed. We found that the decay constant is β = 1.1 per methylene group in alkanethiols which is in agreement with the experimental results (β = 0.9À1.0). We therefore expect the similarity of the current for saturated and conjugated tail groups to depend sensitively on the tail group length ; longer tail groups would lead to saturated tail groups yielding lower current densities.
METHODS
NEGFÀDFT Calculations. (I). Gas Phase-NEGF. In this method, DFT calculations for molecules in the gas phase (thiol-ended, without electrodes) are performed and then the contribution of the molecule to transport is calculated by computing |G 1N 2 | between the p z orbitals (perpendicular to the plane through S, C, and H) of the S(1) and the R groups (N) where G denotes the Green's function and S is the sulfur atom of the thiol linker. 36 G 1N can be understood as the quantity which measures the tunneling amplitude from site 1 to site N. Once the Green's functions are known, the transmission can be obtained using the Landauer-type equation. Here we include self-energies within wideband limit approximation. 37 The coupling of the tail groups to the Ga 2 O 3 oxide layer (on the EGaIn electrode) is an unknown parameter which is not included in the gas-phase calculations. This method does not yield the correct location of the transmission peaks (of the occupied orbitals) since the molecules are considered in gas phase ; shifts induced by interface dipoles and image charges are therefore not taken into account. To obtain better insight into these shifts, we have used another method.
(II). Extended Molecule-NEGF. In this method, an extended molecule is used. The extended molecule is made by connecting the molecule to 3 Â 3 Â 3 metal clusters from right and left. Then we connect this extended molecule to two electrodes which are 3 Â 3 Â 9 clusters. For silver, we need to incorporate 19 electrons per silver atom for the largest frozen core, as opposed to 11 electrons per gold atom. In view of the similarity between the two contact types, 38 and since that we are looking for trends which are expected to be the same for silver and gold, we have chosen to perform our calculations using gold contacts. Experimentally, with a metal alloy and a conductive oxide ARTICLE layer on one side of the molecule, the screening cannot be expected to let surface effects decay within the width of the contacts. We present the results for a molecule between two gold contacts as another reference calculation, with the awareness that the actual system (Ag on one side and oxide/metal on the other side) is somewhere in between that of the gas phase and the extended molecule with gold contacts.
To calculate the self-energies for each 3 Â 3 Â 9 cluster, we divide the cluster into three layers in which each layer consists of three sublayers, as shown in Figure 3 . Then we calculate the transport properties of the system. This method relies on the strong screening in the contact regions, which renders the results relatively insensitive to their size.
The code used here is an in-house developed add-on to the Amsterdam Density Functional (ADF) code 39 (using an LDA exchange correlation functional and a double-ζ polarized basis set). 36, 39 The Fermi energy of the gold electrode in our calculations is À5.3 eV, which is taken as the midpoint between the HOMO and the LUMO of the 3 Â 3 Â 9 Au cluster.
DFT Molecular Orbitals. DFT calculations for molecules 1À13 using the quantum chemistry codes ADF 39 and Q-chem 40 were performed with a TZP (triple zeta polarization) basis set, and a GGA exchange-correlation functional (PBE) in ADF, and 6-31G** basis set and PBE0 exchange correlation functional in Q-chem. Both codes give similar results. The ones shown in the paper and in the Supporting Information were obtained using ADF.
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